Study design: Within-subject repeated measures. Objectives: To determine the intra-and inter-tester reliability of aortic pulse wave velocity (aPWV) measurements collected using applanation tonometry in individuals with spinal cord injury (SCI). Setting: Inpatient Rehabilitation Centre and outpatient Clinic in Vancouver, BC, Canada. Methods: Fifteen men and three women with traumatic SCI (age: 46 ± 16 years; C3-L1; American Spinal Injury Association Impairment Scale A-D; 2-284 months post injury) participated in two testing sessions separated by an average of 2 days. During each testing session, aPWV measurements were collected in the supine position following 10 min of rest. Arterial blood pressure waveforms were collected simultaneously by two trained raters at the carotid and femoral arterial sites using applanation tonometry. Heart rate was continuously measured using a single-lead electrocardiogram, whereas brachial blood pressures were measured at 5-min intervals using an automated device. Results: Intra-and inter-tester aPWV measurements demonstrated almost perfect reliability with intraclass correlation coefficients of 0.91 and 0.98 (Po0.001), and coefficients of variation of 5.9% and 3.4%, respectively. The smallest detectable differences (SDDs) for intra-and inter-tester measurements were 0.9 m s À1 and 0.6 m s À1 , respectively. There were no significant differences in heart rate or blood pressure between intra-and inter-testing sessions. Conclusion: Applanation tonometry measurements of aPWV are reliable in individuals with SCI. In addition, the SDDs were smaller than a clinically relevant value, suggesting that this measurement is suitable for repeated measures study designs in SCI. Spinal Cord (2014) 52, 272-275; doi:10.1038/sc.2013.176; published online 21 January 2014 Keywords: arterial stiffness; blood pressure; cardiovascular diseases; reliability INTRODUCTION Cardiovascular disease (CVD) is a leading cause of mortality in individuals living with spinal cord injury (SCI), 1,2 with the incidence of CVD occurring at earlier ages compared with able-bodied individuals. 2 In able-bodied individuals, CVD risk is attributed to non-modifiable factors such as age and gender, and modifiable factors including blood pressure, blood lipid profile, smoking status, physical activity status, body composition and diabetes management. 3 Although individuals with SCI typically present with one or more modifiable risk factors, 2,4 there is evidence to suggest that these risk factors alone may not fully explain the increased risk of CVD in this population. 5 Consequently, future investigations need to examine alternative and non-traditional CVD risk factors for individuals with SCI.
INTRODUCTION
Cardiovascular disease (CVD) is a leading cause of mortality in individuals living with spinal cord injury (SCI), 1,2 with the incidence of CVD occurring at earlier ages compared with able-bodied individuals. 2 In able-bodied individuals, CVD risk is attributed to non-modifiable factors such as age and gender, and modifiable factors including blood pressure, blood lipid profile, smoking status, physical activity status, body composition and diabetes management. 3 Although individuals with SCI typically present with one or more modifiable risk factors, 2, 4 there is evidence to suggest that these risk factors alone may not fully explain the increased risk of CVD in this population. 5 Consequently, future investigations need to examine alternative and non-traditional CVD risk factors for individuals with SCI.
Aortic pulse wave velocity (aPWV), which describes the speed of the arterial pressure waveform between the carotid and femoral arterial sites, is considered the gold-standard assessment of arterial stiffness. 6 In able-bodied individuals, elevated aPWV, indicative of increased arterial stiffness, is associated with an increased risk of CVD morbidity and mortality. 7, 8 A variety of measurement techniques (for example, applanation tonometry, Doppler ultrasound and magnetic resonance imaging), 9, 10 which have been shown to be reliable and valid in ablebodied individuals, 10, 11 can be used to assess aPWV. To date, only Doppler ultrasound assessments of aPWV have been shown to be reliable in SCI individuals, 12 despite the fact that applanation tonometry has been identified by an expert panel as a well-accepted technique for the measurement of aPWV. 6 In addition, there are only a limited number of investigations that have addressed aPWV in SCI individuals, 13, 14 despite its prognostic importance in the able-bodied population. In order to advance the research in this field, the feasibility of alternative aPWV measurement techniques in SCI needs to be established. Therefore, the purpose of this study was to assess the intraand inter-rater reliability of aPWV assessments using applanation tonometry in individuals with SCI. Based on previous reliability trials in able-bodied individuals, 15 we hypothesized that applanation tonometry in SCI would demonstrate substantial reliability.
MATERIALS AND METHODS Participants
Eighteen individuals with traumatic SCI participated in the study. Inpatient SCI participants were recruited from the G. F. Strong Rehabilitation Centre (Vancouver, BC, Canada), whereas outpatient SCI participants were recruited from the community. Neurological level of lesion and American Spinal Injury Association Impairment Scale classification was determined using the International Standards for Neurological Classification of SCI. 16 Exclusion criteria included any individuals that was o18 years of age, or with any acute illness or any cognitive or language barrier that prevented them from following English instructions. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research. Written informed consent was obtained before participation. Participant characteristics are presented in Table 1 . Two patients were regularly taking blood pressure medications (that is, Midodrine).
Study protocol
This study used a within-subject, repeated measure design. Participants attended two testing sessions separated by an average of 2 days (range 1-7 days). The within-subject sessions were scheduled at the same time of day. Intra-rater reliability was determined from measurements collected across both sessions, whereas inter-rater reliability was assessed during the second testing session by switching raters on the arterial sites. We are aware that this study design does not allow assessing fully independent inter-rater reliability, as the same rater are assessing aPWV. However, we did not have access to additionaltrained raters, and therefore the inter-tester reliability has to be interpreted with caution. Participants were instructed to abstain from caffeine and alcohol for 12 h and exercise for 24 h before each session. All testing took place at least 4 hours post prandial, and all medications were kept constant between sessions.
aPWV assessments
Measurements of aPWV were collected according to the most recent guidelines. 17 Data were collected at a sampling rate of 100 kHz and analyzed offline using Powerlab acquisition equipment (Labchart 7; ADInstruments Inc., Colorado Springs, CO, USA). Following 10 min of rest in the supine position, simultaneous measurements of arterial pressure waveforms were captured by two trained raters at the left carotid and femoral arteries using identical handheld tonometers (Model SPT-301; Millar Instruments Inc., Houston, TX, USA) for a minimum of 30 s. The more experienced rater assessed the femoral arterial site. Discrete brachial blood pressure measurements were collected every 5 min on the left arm using an automated device (Carescape V100; GE Healthcare, Milwaukee, WI, USA), whereas heart rate was recorded throughout testing using a single-lead electrocardiogram (Model ML-132; ADInstruments Inc.). Inter-rater reliability was assessed during the second testing session; therefore, following the first set of measurements, the two raters switched arterial sites and captured an additional 30-s sample of carotid and femoral arterial pressure waveforms.
We used the following equation to calculate aPWV, aPWV ¼ (0.8 Â D)ÄDt, where D is the distance between measurement sites and Dt is the pulse transit time. 17 The distance between the carotid and femoral measurements sites was measured along the surface of the body using anthropometric measuring tape held parallel to the body. Pulse transit time was determined as the time delay between the arrival of the arterial pressure waveform at the carotid and femoral sites, which is determined by the upstroke or 'foot' of the waveform. Arterial pressure waveforms were band-pass filtered (2-30 Hz), and the foot of the waveform was identified as the minimum value of the filtered signal. Each aPWV value was calculated as the average of two, 10-s. If the difference between the values for these two samples was 40.5 m s À1 , a third 10-s sample was calculated and the median of the three values was reported as the aPWV. 17 For each aPWV measurement, supine heart rates are reported as the average of each 10-s data sample, whereas brachial blood pressure is reported as the average of all discrete measurements taken during each aPWV measurement. In 50% of measurements, it took longer than 10 min to collect optimal tonometry signals; therefore, discrete brachial blood pressure averages are generated from a range of 1 to 3 recordings.
Statistical analysis
Statistical analyses were performed using SPSS software (version 20.0; IBM Corporation, Armonk, NY, USA). Normal distribution of data was assessed with a Kolmogorov-Smirnov test and Q-Q plot analysis. Intra-and inter-rater differences in aPWV, blood pressure and heart rate were determined using paired t-tests. Reliability was assessed using coefficients of variation (CV) and intraclass correlation coefficients (ICC). ICC values were interpreted as poor 
RESULTS
All hemodynamic and aPWV data was normally distributed (P40.05, Kolmogorov-Smirnov test). Hemodynamic and aPWV values of the intra-rater sessions are presented in Table 2 . There was no significant difference in aPWV, brachial artery blood pressures or heart rate between sessions. Intra-rater aPWV measurements demonstrated almost perfect reliability with an ICC of 0.91 (Po0.001; 95% confidence intervals (CI) 0.77-0.96) and a CV of 5.9%. The SDD was 0.9 m s À1 .
Hemodynamic and aPWV values of the inter-rater sessions are presented in Table 3 . There was no significant difference in aPWV, brachial artery blood pressures or heart rate between measurements. Similar to intra-rater aPWV, inter-rater measurements demonstrated almost perfect reliability with an ICC of 0.98 (Po0.001; 95% CI 0.95-0.99) and a CV of 3.4%. The SDD was 0.6 m s À1 . 
DISCUSSION
Arterial remodeling has been shown to occur rapidly following SCI, 19 resulting in decreased arterial diameter 19, 20 and increased arterial stiffness. 13, 14, 21 Elevated artery stiffness assessed using aPWV is associated with a 68% increased risk of CVD events and mortality in able-bodied subjects. 7 The present study demonstrated almost perfect reliability (ICC X0.81) 18 of applanation tonometry assessments of aPWV in SCI individuals, and therefore provides support for the continued use of this technique in the SCI population.
In particular, future investigations should consider tracking longitudinal changes in arterial remodeling following SCI and in response to various interventions, as well as determining the prognostic significance of aPWV as a non-traditional risk factor for CVD in the SCI population. Although several aPWV techniques have been shown to be reliable in able-bodied individuals, 10, 11, 15 only Doppler ultrasound has been shown to be reliable in SCI individuals. 12 Applanation tonometry is a well-accepted technique for the measurement of aPWV. 6 In addition, aPWV measurements collected with Doppler ultrasound and applanation tonometry are strongly correlated (r ¼ 0.83, Pp0.0001), suggesting that either technique is appropriate. 11 Our applanation tonometry measurements demonstrate a comparable intra-rater ICC (0.91) as the Doppler ultrasound investigation in SCI (0.92). 12 In addition, our intra-and inter-rater CVs (5.9% and 3.4%, respectively) are lower than intra-and inter-rater CVs previously reported in middle-aged able-bodied individuals using applanation tonometry (7.2% and 7.9%, respectively). 15 The SDD is an important clinically relevant index to calculate, particularly if you are interested in tracking changes in your outcome measure across multiple time points. It establishes a cutoff value, where values above the SDD can be attributed to a true change because of the intervention rather than because of day-to-day variation. Our intra-and inter-rater SDDs (0.9 and 0.6 m s À1 , respectively) were lower than the SDD of 1.04 m s À1 previously reported by Doppler ultrasound assessments of aPWV in SCI. 12 Both our reported SDDs are o1.0 m s À1 , which has been shown to translate into a 15% increased risk of CVD mortality. 7 Therefore, the amount of variability in measurements between testing days and raters is lower than measurements captured with Doppler ultrasound, and, more importantly, are lower than the clinically relevant increment of 1.0 m s À1 .
To date, two investigations have compared aPWV between SCI and able-bodied individuals. The first examination by Miyatani et al. 13 demonstrated significantly higher aPWV in individuals with chronic SCI compared with age, sex, height and weight-matched able-bodied individuals. Using the equation used in our investigation, the average aPWV for their middle-aged sample (46±8 years) was 10.2 m s À1 . Physical activity levels have been shown to influence arterial stiffness; 22 therefore, differences in aPWV may exist between ablebodied and SCI individuals owing to differences in mobility. In the second investigation, SCI individuals still reported significantly higher aPWV than their able-bodied peers, despite matching them in habitual physical activity levels. 14 The average aPWV for this younger sample (30 ± 7 years) was 5.8 m s À1 . The average aPWV for our middle-aged sample falls between these two investigations at 8.5-8.9 m s À1 . Although it is difficult to draw conclusions on the values obtained in our heterogeneous sample based on the limited and varied evidence on aPWV in SCI, it is important to note that the average values reported by our sample are below the clinical cutoff of 10 m s À1 . 8, 17 CONCLUSIONS We demonstrate that applanation tonometry, a well-accepted technique to assess aPWV, demonstrates almost perfect intra-and interrater reliability in both acute and chronic SCI. These findings support the use of applanation tonometry to assess aPWV in SCI, and encourage future investigations to track changes in vascular health and their prognostic value with regard of CVD risk in the SCI population.
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